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pavement, and driver or passenger.

Analagous to failure in a pave-

ment lacking stability or durability, passenger discomfort is the most
tangible result of poor riding quality - although safety in driving or even
deterioration of the vehicle and the pavement itself may be involved.
As a consequence of this relationship between passenger and
pavement, the most fundamental measurements and expressions of pavement riding quality would be in terms of human comfort.

However, such

an approach is complicated in that it involves difficulties of separating
pavement features (which are within the province of the highway engineer.) from other influences such as properties of the vehicle, speed of
travel, or changing psychological and physiological aspects of the passenger.
Because of these complexities, riding qualities have been traditionally expressed as some function of localized irregularities in the contour of the pavement surface.

Emphasis has been placed on vehicle dis-

placements in the vertical direction since those are the most prominent
effects of pavement irregularities.

So far as measurements are con-

cerned, vehicle motions in other directions have been ignored, although
their importance has been recognized.

As indicated by comfort research

( 1), relatively minor motions in the transverse and longitudinal directions
can contribute as much to discomfort as major displacements in the

ve;;~

tical direction.
Within the past decade the need for including all component
motions in riding quality analysis has become increasingly prominent.
Distortion of road surfaces by sustained heavy traffic, exceptionally rapid
rates of construction, reduced standards of workmanship, shortages of
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highway personnel, and other factors combined have introduced elements
of roughness that were unimportant in former years.

Then, too, a

much higher level of riding comfort along with all the other improved
features of highways is expected by the driving public.

To some extent,

this is reflected in the prominence given riding comfort in practically
all methods of sufficiency rating.
In re.sponse to this need, .the Research Division of the Kentucky
Department of Highways initiated riding quality research in 1949 (6).
For several years the effort was confined to studies of construction control, construction methods (7), and specification tolerances.

After

experience had provided sufficient understanding of causes and effects
of various components of road roughness, the project was directed toward
the design of equipment to measure simultaneously the displacements or
tendencies for displacements in the three principal directions.

This

resulted in a combination of instrrn:nents for sensing and recording triaxial accelerations of a passenger in a standard vehicle, and analysis of
the records in terms related to human comfort.

After an integrated

device was built and proved feasible, it was applied to a wide variety of
roads in Kentucky so that the pavements could be rated numerically from
the standpoint of relative riding quality.

EQUIPMENT - INSTRUMENTATION
The instruments for measuring and recording acceleration were
first adapted to a 1953 Chevrolet 4-door sedan, shown in Fig. l,

Pre-

liminary tests were made with the accelerometers mounted at several

Fig. l - Test vehicle.
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places on the vehicle or on rigid attachments within it.

This approach

was abandoned because vibrations of the car could not be eliminated from
the records without damping or reducing the sensitivity of the instruments to the point where the records were impaired.
After consideration was given to mounting the accelerometers
on various objects carried in the car, a method was devised for measuring vibrations of a test passenger by strapping the accelerometers
to a person sitting beside the driver .(See Fig. 2).

With this realistic

procedure the inflnence of the vehicle was re.solved to a constant value
in the acceleration records and consequently in the relative pavement
roughness data, as long as significant featnres of the vehicle were controlled.

Frequent maintenance inspections and adjustments, frequent

lubrication, constant attention to minor variables such as tire pressure,
and use of the vehicle only for riding quality tests provided the desired
control.
Re•evaluation or recalibration of the vehicle on a test strip was
made periodically, although there has been no evidence of appreciable
change.

Because of this uniformity, the original vehicle has been re-

tained for all measurements to date, and it is considered reliable for
use on several hundred additional miles of evaluation entrailing several
thousand miles of travel.

When a new vehicle replaces the one now used,

complete recalibration will be necessary, and probably a conversion
factor

will be required for comparisons of old and new records.

Fig. 2 - Test passenger, with sensing mechanism
strapped in place.
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Sensing Mechanism
As illustrated in Fig. 3, three resistance type accelerometers
and a bubble level comprised the sensing mechanism.

The accelerometers

were identical in character and use, with the exception of an allowance
for the influence of gravity on the unit oriented in the vertical direction.
Specification tolerances on the accelerometers were as follows:
Range

+2

Natural Frequency
(undamped)
(damped)

100 cycles per sec.
40 cycles per sec.

g.

Accuracy and Linearity

1 percent of full scale
or better

Resolution

1 percent of full scale
or better

Response to Transverse
Direction
Damping (Silicon Fluid)

2 percent maximum
0. 6 to 0. 7 of critical
{at room temperature)

Temperature Variation (per OF)
Sensitivity or Span
+0. 03 pe.rcent
Shift in Zero
+0. 02 to 0. 05 percent
The accelerometers were rigidly fixed to an aluminum plate which in
turn was strapped about the shoulders and chest of the test passenger.
A cable connected each unit with the recording equipment.
Essentially each accelerometer acted as an element in a Wheatstone Bridge circuit, with a bridge balance providing the

complsmcmt~.rv

elements and secondary resistors for adjusting all recording units to

Fig. 3 - Sensing :mechanism, consisting of accelerometers and level attachment. Triaxial orientation of accelerometers is indicated by arrows.

page 6
zero when the acceleron1eters were at rest.

As noted later, the balance

is also useful in comparative calibration of the accelerometers.

Recording Mechanism
Impulses created by changes in resistance of the accelerometers
with induced motion were recorded on a 9 -channel recording oscillograph.
This instrument, with attendent devices, was mounted on the floor immediately in front of the rear seat of the vehicle, as shown in Fig. 4.
Each channel contains a galvanometer to which is attached a small
mirror rotating with changes in the voltage.

A beam of light from a

single source is projected onto each mirror, and reflected to a roll of
photographic chart paper in the detachable chart magazine.

Th~.<s,

when

the galvanometers were excited by impulses frorn accelerations of the
sensing units, the nlirrors were rotated in proportion to the accelerations,
and the responses were recorded as three traces on the photographic paper.
Additional channels were utilized for the following purposes:
three were locked in place to mark the zero position of each accelerometer trace; and one each was used to monitor the voltage applied

to~

the

sensing units, to serve as an event marker, and to rec.ord the tachometer operating in conjunction with the speedometer of the car.

The

event marker was prLlvided as a means for the driver to record the location of extraneous influences such as bridges, pas sing trucks, or other
events having no bearing on the riding quality Df the pavement.

Constant

speed and constant voltage imposed on the accelerometers were, of
course, highly important to the validity of the records.

Fig. 4 - Recording mechanism mounted in rear seat of test vehicle.
Control panel and bridge balance are on the left, and recording
oscillograph with the chart magazine attached is on the right.
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A11 nine traces are also reflected to a viewing screen located at
the top of the recorder .(above the magazine) in Fig. 4.

By this means

the results can be viewed during adjustment and calibration of the instruments, and also it provides for check observations during test runs.
The chart magazine, easily detachable from the recorder unit,
accommodates 125-ft. rolls of photographic paper 5-in.

wid~.

Exposed

chart is passed over a rubber metering roller driven by a drive mechanism
with interchangeable gears.

Ten chart speeds ranging from 1/4 in. per

sec. to 100 in. per sec. can be achieved, thus permitting selection of
chart speeds most suitable for analysis with variable speeds of travel or
variable pavement roughness features.
A shutter or light seal, automatically actuated as the magazine
is removed or attached, permits removal of the magazine without exposing the chart paper rega.rdless of light conditions . . Although darkened
conditions are preferred when the magazine itself is loaded with photographic paper, this can be done under subdued light.

If no darkroom is

available, charts can be changed under an opaque cloth, or even a bundled
overcoat has been used .successfully with the sleeves turned inside out and
the operator.ts hands inserted through the.se openings.

Thus, on ex-

tended trips away from the laboratory the changing of charts presents no
problem.
Beginning and ending portions of a representative chart exposed
in a test run are shown in Fig, 5.

At the extreme top edge of the cha.rt

(see ar.row) the.re is a straight line trace representing voltage on the accelerometers.

Any deviation of the line from the edge of the chart would

represent a change in voltage hence a change in the sensitivity of the units.

Fig. 5 - Representative oscillograph chart.
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Other straight-line traces from top to bottom of the chart
represent:
1.

Events - with the beginning and end of the actual
test run marked by offsets.

2.

Zero transverse acceleration.

3.

Zero vertical acceleration.

4.

Zero longitudinal acceleration.

5.

Tachometer speed - a straight horizonal line if the
speed of the vehicle is constant (no vehicle acceleration).

Of course, the three irregular traces represent the transverse, vertical, and longitudinal accelerations respectively, as determined by the
accelerometers.
Settings of the galvanometers were made such that zero lines and
the neutral position of the event marker are equally spaced 1 in. apart on
the chart, and through adjustment of the voltage applied to the bridge
this distance has been made to represent 1/2 .!)_ acceleration of the sensing units.

Although they are not evident in Fig. 5, faint vertical lines

mark time intervals on the chart.

This is accomplished with a timing

device in the recorder, which is driven by a synchronous motor and projects light onto the photographic paper to form distinctive lines at intervals of 1/100 sec. and 1/10 sec. while the chart is in motion. Time
intervals .are important not only in the sense that they define rates of
acceleration on the chart itself, but also in their use for locating roughness characteristics and events when the record is correlated with vehical speed.
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Power Supply
'Two sources of power are required for operation of the instruments.

The bridge circuits- accelerometers, galvanometers, and

bridge balance - requiring a stable D. C. voltage, are energized by two
9-volt dry cell batteries connected in parallel.
bottom of Fig. 4.

These are visible at the

The dry cells are capable of operating the bridge

circuits for several months of normal use, with only periodic adjustment of the bridge voltage rheostats required.
The light sources, paper drive, and timing mechanism in the
recording unit require 115 volts, which is supplied through a converter
powered by 12 volts from two automobile batteries.

For this purpose a

second battery was mounted on brackets under the hood of the car, and
the two were connected such that they were in series when the recorder
was operating.

When records were not being made, the circuit could be

switched to parallel.

This permitted normal operation of the vehicle,

and charging of both batteries from the standard 6-volt generator.

All

the power circuits could be operated from the control panel on the lower
left in Fig. 4.

OPERATION OF THE EQUIPMENT
Because of the natural or resonant frequencies of vibration of
vehicles and occupants in relation to the frequency with which pavement deformations are .encountered, riding quality depends considerably
upon the speed at which the pavement is traversed.

It is often observed

without the aid of instruments that one pavement has poorer

riding
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quality at 60 mi. per hr. than at 40 mi. per hr., and with another pavement the reverse is true.

To some extent this fact vitiates comparison

among pavements tested at a common speed, but practical considerations
require that this be done.
In view of the fact that the average speed of travel on rural highways had reached 51 mi. per hr. in 1952 (10) and was increasing, a test
speed in that vicinity was considered typical of the condition under which
pavement roughness would be experienced.

Inasmuch as this was close

to 80 ft. per sec. (54. 5 mi. per hr.) that value was adopted as a standard.
Calibration of the automobile speedometer provided an indicated driving
speed of 57.5 mi. per hr. which the driver carefully adhered to.

Some

te:sts have been made at lower speeds for comparative purposes, and of
course a much slower rate will be necessary and appropriate when tests
are made in urban or rural congested areas.

Adjustment of Instruments
Before starting a test run, several inspections and precautions
were made.

Instruments were briefly checked for operational features

such as battery voltage, paper supply, and light source.

The vehicle was

then driven several miles to allow tire pressures, shock absorbers and
similar features to become stable.
Tire pressures were thoroughly checked and adjusted to 25 lb.
per sq. in. before each test run since variations in pressure could be
quite influential on vibrations above the funda.mental frequency of the tires.
At 25 lb. per sq. in. this fundamental frequency is 10 to 12 cycles per
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cause d by surfa ce
sec., which is withi n the range of many vibra tions
irreg ulari ties.
e a test
Powe r switc hes were turne d on sever al minu tes befor
re an the instr uwas starte d to energ ize and bring to prope r temp eratu
and light sourc e which
ment s excep t the chart drive , timin g mech anism ,
were free from the influe nce of temp eratu re.

After consi derab le use had

s for accel e.rom eter
demo nstra ted the consi stenc y of the equip me1tt , check
bridg e balan ced if
volta ge were made only at conve nient times , and the
nece ssary .

trace s
Simil arly, the zero posit ionin g of the accel erom eter

and readj ustm ent
was found to be so const ant that an occas ional check
was suffic ient.
the test passe nThe sensi ng mech anism was strap ped firml y onto
level attac hmen t.
ger, and level ed throu gh obser vatio n of the bubbl e

In

ed posit ion, his feet
doing this the passe nger assum ed an erect hut relax
folde d in his lap.
being flat on the floor and his hands at his sides or

It

ghout each test run,
was impo rtant that this posit ion be main taine d throu
and that there be no undue resis tance to motio n.

Since a test run nor-

than a few minu tes
mally varie d from a fracti on of a minu te to no more
possi biliti es for varydepen ding upon the lengt h of pavem ent being teste d,
ing the react ion durin g a test were slighL
ult to contr ol,
Proba bly varia tions amon g tests were more diffic
day.
parti cular ly when sever al tests were made in a sing]e

The best

perso n for as many
preca ution again st this influe nce was the use of one
for exerc ise outsid e
tests as possi ble, with frequ ent oppo rtunit ies given
ases rapid ly.
the car espec ially late in the day when fatigu e incre
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The influe nce of vibrat ions inhere nt in typica l passe ngers was
in the norma l
invest igated with the vehicl e idle and the passe nger sitting
positi on supp.o rting the sensin g mech anism .
type are record ed on the chart in Fig. 6.

Resul ts of one test of this

Small distur bance s cause d

conse quenc e
by breath ing and heartb eat are appar ent, but they are of no
in the pavem ent analy sis.

Hardl y any differ ence in this respe ct is dis-

s are
played by perso ns of differ ent size and weigh t, but these factor
pavem ent and
appre ciable in their effect s when vibrat ions induc ed by the
erome ters,
vehicl e are transm itted throug h the passe nger to the accel
indivi duals
There appea red to be neglig ible differ ences among 1TIUS cular
sente d in
weigh ing from about 130 to 160 lb,, which wa:s the range repre
most of the tests.

Great er but still limite d differ ences exist in the funda -

fleshy
menta l freque ncy and hence the reacti on of much heavi er and
in weigh t.
perso ns as comp ared with those that are slend er and light
2. 80 to 2. 65
Accor ding to Jackli n and Lidde ll( 1) this varies from about
incre ases
cycles per sec. when the weigh t of a passe nger on a car seat
from 120 to 200 lb.

Proba bly a greate r influe nce on the accel erome ters

introd uced
moun ted in this way would come from secon dary vibrat ions
that are
by extrem ely fleshy suppo rting bodie s af! comp ared with those
more rigid.
Test Proce dure
Usual ly, for a given sectio n of road tO be analyz ed, repre senta
less than a
tive portio ns were select ed as sampl es unless the projec t was
be tested .
mile or two in length , in which case the entire projec t would

Fig. 6 - Oscillograph chart of vibrations inherent in a test passenger
at rest.
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becau se
In most instan ces the test run was intent ionall y made one mile,
and provid ed
this minim ized the effort of the drive r and test passe nger
a chart of conve nient length for analy sis.

Cover age of the projec t, with

s, direct ions
respe ct to geom etric featur es such as divide d lanes , curve
object ives
of traffic of differe nt classe s, and the like depen ded upon the
accou nt
of the test, althou gh these featur es were seldom taken into
are being
during the prelim inary phase s of develo pment and use that
repor ted.
A startin g point was select ed and carefu lly refere nced to some
perma nent landm ark.

This was entere d in the log of tests along with

other pertin ent data.

Then, th& teat run· was starte d a suffic ient dis-

a consta nt
tance in advan ce of the startin g point for the ·drive r to reach
speed .

and
All the instru ments , includ ing the light source , paper drive,

the startin g
timing device were set in opera tion as the car appro ached
entere d.
point so that record s were being made as the test strip was
test
By mean s of a remot e contro l switch held in his hand, the
r.
passe nger record ed the startin g point with the event marke

As noted

riding qualit ies
before , he also record ed any events ·extra neous to pavem ent
during the test run.

The end point was recor' ded in the same mann er.

Throu ghout the period of test the drive r conce ntrate d his effort
the norma l
on maint aining a consta nt speed and keepin g the vehicl e in
wheel tracks establ ished by predo ntinan t traffic .

This requir ed a great

pavem ents
deal of judgm ent on the part of the drive r, althou gh on ntost
'

having consid erable age these tracks ··are req.dil y appar ent.

When ever

bent upon
traffic using the road becam e a poten tial influe nce it was incum
test run in order
the drive r to select an adequ ate openin g before startin g the
ments .
to avoid chang es in speed and any turnin g or passin g move
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Followin g a variety of tests at different chart speeds, a speed
of 1/2 in. per sec. was selected as the one most appropri ate for tests
at the standard vehicle speed.

With this eombinat ion, one longitudi nal

inch of the chart represen ted 160ft. of pavemen t, or the prominen t 1/10sec. lines marked on the chart represen ted 8ft. of pavemen t.

This,

of course, made the least time interval of 1/100 sec. marked on the
chart equivalen t to a very limited distance of travel on the pavemen t.
A generaliz ed correlati on of accelero meter records with pavement surface relations hips is given in Fig, 7-;

The upper irregular line

in each of the three sections of the illustrati on represen ts an accelero meter trace,

Since the accelero meter in each case was sensing impulses

caused by differenc es occurring with respect to four points of vehicle-t opavemen t cnntact simultane ously, and the Telations hips were constantl y
changing , the.re is no absolute basis for relating differenc es in wheel
positions in one direction with the induced accelerat ion in that direction .
For the purpose of geneTaliz ed correlati on, a pavemen t section
of recent construct ion was selected, and eleyation s were taken with a
level and t·od in the wheel tracks at 2-fl:. :tntE!rvals longitudi nally.
retical calculatio ns of the plan

Theo-

grades at tlwse points were made using

the design profiles, and the two sets of data were reduced to a common
datum.

From this the differenc es in measure d and calculate d grade were

obtained, and the magnitud e of deformit ies· shown.
Interpret ations of the effects caused by these deformit ies were
plotted in conJuncti on with the accelero meter traces as follows:

Fig. 7 - Generalized correlation of accelerometer records with pavement surface relationships.
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Vertic al Accele ration versus the averag e differe nce
betwee n actual and calcula ted grade in both wheel
tracks . (relate d to up and down motion s or bounce ).
Transv erse Accele ration versus the averag e differe nce
in elevati on of the left and right wheel tracks , or in effect
the change s in crown (relate d to rolling motion s or yaw).
Longit udinal Accele ration versus the averag e differe nces
in elevati on of the front and rear wheels of the vehicle .
(relate d to forewa rd and backw ard oscilla tions or pitch).
Since the distanc es over which the plotted deform ities occur are rather
t
large, and the factors of pavem ent elevati on do not take into accoun
of
relatio ns among the four wheels as such, compa rabilit y of the pairs
curves is fairly remote .

Even so the relatio nships tend to confirm what

tional
judgm ent implie s, that passen ger discom fort is not directl y propor
to localiz ed change s in contou r of the pavem ent.

The compo unding of

the
motion s and the respon se of variou s elemen ts betwee n the road and
passen ger are of prima ry import ance.

For examp le, motion s may be

tered
sustain ed or even amplif ied by relativ ely small deform ities encoun
be reimmed iately after one of greate r magnit ude, and the net effect can
lated to the local irregu laritie s only in a genera l way.

ANALY SIS OF RECOR DS
Severa l possib ilities for analyz ing the charts and determ ining
of
relativ e roughn ess val11es of the pavem ents are inhere nt in the type
record obtaine d throug h this test proced ure.

A freque ncy distrib ution

foot
of accele rations above a certain magnit ude, the amoun t of work in
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pounds of e££01:t sustained or expended by-the passenger, and several
others are apparent at a glance.

Only one approach has been used thus

far, mainly becauS<! the authors prefe:rred pavement riding quality
factors as closely associated with passenger comfort as possible.
Theory of Discomfort
During motion at a constant velocity unchanging in direction,
a person is not subje_cterl to any forces other than gravity and therefore
he feels no discomfort from external influences.

Although he is moving,

he is unable to perceive the motion except through auditory or visual
observation s.
With changes in- velocity or acceleratio n, _the force required to
produce acceleratio n is dependent upon the mass of the person.

Or

con~

versely, a person of given mas-s is subjected to constant f01:ce whenever
he is undergoing uniform acceleratio n.

Under this circumstan ce the

person is subjected tn gravity and another constant force. As a passenger in a vehicle be:!ng accelerated , the per-son must resist this force but
with an unchanging effort so long ;Is- the acce-leratio n continues.

Actually,

the effort does not entail discomfort once it is established , although i.t
will cause fatigue if it is maintained for an app:reciable period of time.
Inasmuch as acceleratio ns impressed upon a passenger in an automobile
are varying ;1.nd of limited duration, the- esse-rice of vehicle passenger
discomfort lies in chl'l:nges of acceleratio n.

This distinguish ing feature

of human discomfort has been demonstrat ed by controlle.d iuvestigatio ns
( 12), particularl y in situations such as passenger elevato.rs where the
motions are direct and relatively simple.
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On the basis of these observa tions, an addition al concept of
motion which involve s change in acceler ation has been derived from
comfort researc h.

This feature is common ly termed "jerk" and from

the standpo int of a person subjecte d to it the require ment is a varying
Physio-

effort to resist the varying forces causing changes in acceler ation.

logicall y the flexing of resistin g muscle s results in discom fort and sometimes sickens s - the latter probabl y being a comple tely separat e aspect
of the respons e.
Basic relation ships involved in the various concept s of motion
are illustra ted by curves of harmon ic vibratio n drawn in Fig. 8.

Each

succeed ing curve from A to D is defined by the slope of the function
plotted immedi ately above it.

Hence, in a realisti c situatio n of acceler a-

tions. impose d on a passeng er riding in a vehicle , a measur e of the discomfor t experie nced by that individu al is express ed in the slopes of
acceler ation curves represe ntative of his body respons es.
Applica tion to Riding QuaHty
Althoug h, as noted previou sly, a direct convers ion from passenger acceler ation to paveme nt irregul arities is not possibl e, discom fort
of the passeng er as represe nted in the jerk values is an authenic and
realisti c measur e of paveme nt riding quality.

Consist ency of this ap-

proach, and particu larly compar isons among differen t paveme nts, is
depende nt upon the elimina tion of variabl e effects such as those that
could come with changes in the vehicle .
When a consiste ncy regarde d as more than equal to the require ments was demons trated in,preli minary tests, summat ion of signific ant

Fig. 8 - Fundamental relationships of motion represented
in harmonic vibrations.
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jerk values was adopted as the basis for expressin g relative pavemen t
riding qualities .

Actually the level at which jerk becomes uncomfo rt-

able varies with individua ls, and even varies for a given individua l
from time to time.

In addition, it is known to vary with the frequency

of vibration s, and with the direction in which the accelerat ion is
applied.
Evaluatio n of comfort levels by Janeway (2) indicated that frequencies in the order of those resulting from pavemen t irreg11la rities
{about 1 to 10 cycles per sec.) were within the range where change in
accelerat ion was the determin ing factor of comfort, and that the com3
fortable lower limit of vertical disturban ce was about 4I ft. per sec.
at frequenc ies of I to 6 cycles per sec.

Essentia lly this value should

apply with negligibl e error thl"ougho ut the range from I to IO cycles per
sec., but probably a lower limit is appropria te for records taken with the
accelero meter strapped to the test passenge r instead of being mounted in
the mechani s= transmitt ing vibration s to the passenge r.

This is so,

since the passenge r supportin g the sensing device dampens the vibration s
consider ably.
In lieu of more authorita tive data, an arbitrary limit of 32 ft.
per sec. 3 (or one ,1l: per sec.) was assumed as the maximum comfort
level for analysis of the records.

Thus, in: the evaluatio n of the vertical

accelero meter trace, only those slopes represen ting more than 32ft.
per sec. 3 were of interest since jerks of lesser magnitud e were not discomfortin g to the passenge r, and it was immater ial whether they occurred
or not.
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The longitudinal and transverse traces presented a greater problem since research on vibrations in those directions - particularly
with:xespect to the discomfort threshold - is more limited.

Jacklin

and LiddeH ( 1), using an uncushioned seat vibrating at frequencies up
to 2 cycles per sec. and practically 3000 individual readings in a laboratory study of human response, concluded that for the average subject
the discomfort caused by transverse vibrations may be equal to the discomfort caused by vertical vibrations 13 times more severe.

Similarly,

the discomfort from longitudinal vibrations may be equal to vertical
vibrations 7. 5 times more severe.

Both relationships depended on the

degree of discomfort experienced and other variable features of the test.
Several factors such as the relatively low frequencies, the uncushioned seat, and the linear motion used in those tests were not
comparable with conditions created by a moving automobile.

Then, too,

the vibrations were measured on the moving seat or platform rather than
on the person activated by that apparatus, and the records were not
amenable to determination of jerk values.

Until relationships among

the component motions can be determined using the test vehicle and equipment for artificially inducing controlled vibrations, arbitrary relationships and comfort limits must be assumed.

Research of this nature is

planned, but in the meantime the assumed upper limit of comfort relating
3
to the transverse and longitudinal traces has been set at 16ft. per sec.

(1/Zif per sec.).

Thus, in the analysis of records, minimum slopes of

the longitudinal and transverse acceleration traces considered significant
to riding quality are half as great as the minimum considered for the
vertical trace.
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ter
To facilit ate measu remen t of jerk value s from the accele .rome
charts , the device shown in Fig, 9 was cunstr ucted .

A chart is placed

positi on by a
under -the transp arent indica tor and re·tain ed in the prope r
straig htedg e under each of the lower :metal projec tions.

The pivote d in-

indica tor line
dicato r and the chart are simul taneou sly adjust ed until the
of the accoinci des with the :maxi mum sl:ope on a defini te vibrat ion phase
celera tion trace being analyz ed.

Then the jerk value corres pondi ng to

bed scale
that chang e in accele ration is read direc tly from the inscri
divide d in g' s per sec; at the top of the· devic e.

Both sides of each vibra-

ed minim um
tion are analyz ed, and jerk value s greate r than the ascrib
are totale d for each trace.

Indica ted riding qualit y of the pavem ent is

expre ssed in the total g's per sec. per mi. of pavem ent.

RESU LTS AND OBSE RVAT IONS
be
Althou gh the curopa :rative riding qualit ies of paye:m enis can
summ ations
realis ticall y expre ssed in total jerk value s, these overa ll
rt
will have 1imite .d :mean ing until the basic relatio nship s of corofo

per~

under
tainin g to act:el eratio ns in the three dJrect ions are establ ished
the sensin g condit ions that are used.

For the prese nt, comp arison s are

erse, and
best obtain ed with separ ate expre ssions of vertic al, transv
longit udina l jerks .

This is so, since a large part of the rough ness of

ration s,
some pavem ents comes from the induce d transv erse accele
longit udinal
wher·e as other ilispla y practi cally neglig ible transv erse and
jerk value s but =ajor rough ness in the vertic al direct ion.

Fig. 9 - Device for measuring individual jerk values.
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The relativ ely limited data obtaine d under so-cal led standa rd
and well-c ontrnU ed

e~n4itions

of the test proced ure, which totals ap-

for
proxim ately 150 mi. of test runs to date, hardly provid es a basis
e
estima ting the ranges of values that can be consid ered repres entativ
of differe nt riding qual:it y·elass ificatio ns.

Howev er, under the system

. of record analys is that has been descri bed, the indicat ions are that
verpavem ents with jerk values below 300, 150 and 250 per mi. in the
detical, transv erse, and longitu dinal directi ons respec tively, will be
be
finitely classe d as smooth , and probab ly extrem e roughn ess will
the
certain when these values exceed 800 for the vertica l and 500 for
other two directi ons.

The.se, of course , are based nn observ ation

t to
and ·opinio n of individ uals making the test runs, and they are subjec
.much more investi gation and change .
The record s havll much more value for the presen t, in their
, For
portra yal of the specifi c roughn ess feature s of a pavem ent section
10,
examp le, the road repres ented by the chart in the upper part of Fig.
strucwas resurf aced in 1953, becaus e of the surfac e deterio ration and
tural deffici encies .

Undou btedly riding quality was improv ed, but much

greate r improv ement could have been achiev ed if distrib ution of .the
bitumi nous mix had been directe d more toward uniform ity in crown.
le
Han riding quality record s for the full length of the projec t been availab
to design and constr uction person nel in 1953, possib ilities for overy and
coming a part of the roughn ess, both for the projec t in its entiret
nt
for section s in g:reate st need of restitu tion, would have been appare
at a glance .

I'his particu lar sample of pavem ent had riding quality
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flexib le pavem ents
Fig .. 10 - Char ts of comb ined riding quali ties of two
a chart speed of
meas ured at a vehic le speed of 80 ft. per sec. and
1/2 in. per sec.
No. 379. Pave ment Width : 18ft.
Initia l Cons truct ion: 1933
Resu rface d(Bit . Cone) : 1953

No. 521. Pave ment Width : 22 ft.
Initia l Cons tructi on : 1949
Resu rface d (Rock Asp h): 1954
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and 2.q6F long itudi nal, in
indic ation s of 887 "Ver tical , 178• tran sver se,
and 299 for the part icul ar
cont rast with cump -ar-a ble valu ,e;ro f 2.92, 125,
char t in the lowe r port ion of
sect ion of anot her road repr esen ted by the
Fig. 10.
the two char ts show n
Ano ther cont rasti ng situa tion is evid ent in
ed vert ical vibr ation s, with
in Fi.g. 11. For the botto m char t, pron ounc
trac es, were caus ed by a
resp ect tu both ampl itud· e and slop e of the
t, and brok en slab s at
gene ral warp ing and disto rtion of the pave men
the tran sver se and long itudi nal
relat ively freq uent inte rval s. Offs ettin g of
the uppe r .cha rt was caus ed
trac es from their resp ectiv e zero lines in
sens ing mec hani sm.
by the failu re of the pass enge r to leve l the
se (upp er) trac e is
The indi cate d disc repa ncy for the tran sver
appr oxim ately 0.1

.!l• whic h repr eset ts no mor e than 0. 5 perc ent erro r

tion that was mea sure d
in the resu lts sinc e the com pone nt of acce lera
tran sver se dire ction by a
diffe red from the actu al acce lera tion in the
angl e form ed by the corr ect
facto r relat ed to the vers ine {1-c os.) of the
ing :mec hani sm was held .
plan e and the actu al plan e in whic h the sens
lerat ion, even thou gh the
This amo unts to a very sma ll erro r in acce
sinc e that disc repa ncy is
.offs et dista nce on the char t appe ared larg e,
valu e whic h incr ease s rapi dly
rela ted to the sine func tion of the angl e - a
with relat ively sma ll incr ease s in

sma ll angl es.

lowe r char t repr esen ts
The devi ation of the tran sver se trac e in the
enge r as the car roun ded a
a sust aine d acce lera tion exer ted on the pass
no jerk valu es to influ ence
hori zont al curv e. This , of cour se, prod uced
the com fort of the pass enge r.
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Fig. 11 - Charts of combined riding qualities of two rigid pavements measured at a vehicle speed of 80 ft. per sec. and a chart speed of 1/2
in. per sec.
No. 411. Pavement Width:
Initial Construction:

18ft.
1926

No. 415. Pavement Width:
Initial Construction:

18ft.
1932

Page 23
ions,
Repro ducib ility of result s was check ed on .sever al occas
test pavem ent,
partic ularly when the car was passe d over the calibr ation
two weeks
Resul ts of two such duplic ate tests, made appro ximat ely
apart, are illust rated in Fig, 12,

Althou gh this repre sents about the

ienced on any
best reprod ucibil ity achiev ed, no difficu lty has been exper
purpo ses calcul ated
attem pts to check for reprod ucibil ity, and for practi cal
jerk values have been identi caL

Becau se of the fact that the riding qualit ies

nized that a caliof pavem ents are subjec t to chang e with use, H is recog
bratio n strip on a pavem ent in servic e is not desira ble,

Thus far a satis-

ns of airpo rt
factor y altern ate has not been arrang ed, but certai n portio
pavem ents are consid ered promi sing for this purpo se,
analy sis
Sever al possib ilities for impro vemen t in the techni que and
For ex-

ssed.
of recor ds are recog nized , some of which have 'been discu

constr ucted
ample , indivi dual slope determ inatio ns, even with the device
ming proce dure,
for measu remen t of jerk value s, is a tediou s and time- consu
ilrnate ly one
On the avera ge an exper ienced opera tor can analyz e in approx
ent.
h&ur a 33cin, chart repres enting a mile of single -lane pavem

This

al indivi duals
makes analy sis of recor ds a retard ing featur e unless sever
ulated at a
are assign ed to the task, since useab le charts can be accum
much great er rate,
One possib ility for overc oming this, which has not been

investi~

ters in conjun ction
gated .for feas·ib ility, is the use of integr ating galva nome
accel erome ter
with the three differ entiat ing galvan om.ete rs tnarki ng the
traces ,

ters
Assm ning their use is feasib le, the integr ating galva nome

rigidl y
could replac e those record ing on the chann els now locked

Ev en t

Tra nsv ers e

Lo ng itu din al

Ta cho me ter

aine d from
Fig . 12 - Sup erim pos ed cha rts obt
pav eme nt.
of
tion
sec
sep ara te test s on a
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in place.

Thus, with each test run the chart would record all the indi-

in
vidual accele rations and also the summa tion of those accele rations
each of the three directi ons.

Howev er, the summa tions could be con-

verted to riding quality values only if a statist ical analys is of results
(perha ps
from many tests showed that typical ranges of total accele ration
of jerk
in combin ation with certain pattern s of the traces) were indicat ive
values within reason able limits,

If this type system were perfec ted, the

ution
advant ages of both rapid evaluat io11 of riding quality and the distrib
pavem ent
of all compo nents of roughn ess throug hout the length of the test
would be achiev ed.
eThis and other possib ilities that have been mentio ned for improv
resear ch.
ment in the techniq ue are consid ered urgent items for additio nal
ic apIn the meanti me, the triaxia l accele ration method offers a realist
it provid es
proach to the evalua tion of overal l pavem ent riding quality , and

constru ction.
data useabl e in severa l phases of highwa y plannin g, design and
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